INTRODUCTION
Gerotor pumps belong to a group of planetary rotary pumps which are characterized by compactness, simple construction and possibility of diverse applications [1] . They represent the mechanism with internal trochoidal gearing which consists of two components, internal and external gears with different load capacities [2] . The internal gear has the role of a rotor and it has one gear tooth less than external gear, which has the role of stator. The gerotor functiones as a pumping mechaninsm, when the fluid from inlet port goes through the gear teeth. The rotor sets in motion the fluid and it creates the inlet and outlet port depending on the position of meshing gear teeth. The operation priciple of gerotor pump has many advantages and therefore it can be fully implemented in the fields where gear pumps with external and internal gearing or piston pumps are used [3] [4] [5] .
Experimental design is set up with aim to increase the efficiency of gerotor pump where the influence of the factor on the change in the flow rate and volumetric efficiency is analysed. The efficiency of the process and the product quality are incresed by the right selection of experimental design.
Factorial experiment design represents statistical method for processing experimental results when the subject of the study is influenced by several factors on multiple levels [6] .
There are many diverse methods for the selection of the optimal parameters of gerotor pump.
Hsie and Hwang have designed the rotor of vacuum pump by introducing cycloidal curves with variable trochoid ratio and they have concluded that the rotor profile is the key factor for improving gerotor pump performances. They have proposed a mathematical model applied to simulate the gerotor pump and cycloidal speed reducer [7] [8] [9] . Tong and others are the first to design non circular internal gerotor gear and develop the complete theory, as well as, the algorithm for designing non circular internal gerotor [10] . Jung Sung-Yuen and others have used Taguchi method for determing optimal rotor shape and design parameters of the pump. Obtained results allow the designer and the oil pump manufacturer to achieve the greater efficiency [11] . Bonandrini and others have presented a complete description of specific geometry that is applied with rotary pumps with internal gearing. The obtained mathematical model allows designer to obtain comletely defined rotor profile in parametric shape [12] .
Based on literature review it is concluded that there is no application of factorial experiment for optimization of gerotor pump parameters in available papers. Factorial experiment is applied in this paper, in order to obtain optimal parameter values of gerotor pump and estimate statistical significance of certain factor effects. This method is mainly present in other fields of research and the success of its application is comfirmed [6, 13] .
Basic research in this paper is analysis and optimization of influential factors of the trochoid radius, the number of revolutions and the pressure on the change in the flow rate and volumetric efficiency.
Application of factorial experiment significantly shortens the time needed to perform the experiment and it takes smaller number of experimental samples than with classical experiment.
Software Minitab 16 is applied for statistical processing of experimental results and optimization of the gerotor pump parameters, the flow rate and volumetric efficiency.
FACTORIAL DESIGN OF EXPERIMENTS
Design of Experiments (DOE) is a mathematical methodology which has become one of the most popular statistical technique used in different industries and academic fields. Factorial designs are most frequently employed in engineering and manufacturing experiments. There are three different types of experimental designs: full-factorial, fractional factorial, and Taguchi orthogonal arrays. Factorial design is an efficient tool for estimating the influence of individual variables and studying their interactions using the minimum number of experiments [13, 14] .
Although the full-factorial design requires a great number of experiments or calculations, it provides very accurate results on the interaction among the factors, so that the conclusions are highly credible and reproducible.
The advantage of factorial experiement and its main characteristic is that all levels of one factor are combined with all levels of remaining factors. The efficiency of the experiment can significantly increase in conditions of factorial experiment, if favourable type of plan is chosen [6] .
Experimental design with three levels is denoted as 3 n factorial experiment. It means that n represents the number of considered factors where each factor is on three levels. The factor levels in this paper are expressed numerically as 0, 1, 2 and values -1, 0, and +1 can be otherwise considered, but it can be confusing in terms of design with two levels where 0 is reserved for the central point. This type of plan is often the basis of complex plans, because of its good characteristics, although it has a less significance than the plan 2 n for the same purpose [13] . The total number of factor level combinations in factorial experiment is indicated by the factor level product. The factorial experiment 3 3 is selected in this paper and it has three factors where each factor has three levels constituting the Matrix 27.
EXPERIMENTAL PART
In accordance with defined aims of research it is planned to test the pumps with embedded gear pairs of different gearing geometry. The experimental tests are performed in the laboratory for testing PPT Hydraulics, with simulation of real conditions of pump exploitation. The measurements are performed for two different models of gear pairs based on set experimental design. Individual gear pairs are shown in Figure 1 . Testing program is made in accordance with intern standards of PTT Hydraulics [15] and according to set matrix.
The influence of considered factors and its interaction on the change in the flow rate and volumetric efficiency of the gerotor pump are studied, based on the measured values.
The considered factors and its levels are given in Table 1 . Three factors are chosen for the experimental design: the coefficient of the trochoid (А), the number of revolutions (B) and the pressure (C) with three different levels respectively. The pressure (bar) C 1 5 10 Figure 1 shows the pump models with different coefficient of the trochoid representing the levels of one of the factors which are considered in this paper. Table 2 shows experimentally measured values of the flow rate while Table 3 shows experimental results of the volumetric efficiency. 
Results and discussion
The statistical significance of the developed models has been evaluated using an analysis of variance (ANOVA) and the accuracy of the models has been further justified through a regression analysis, and normal plot of residuals. The key feature of using the RSM method is its ability to identify the combination of variable settings that jointly optimize a single response or a set of responses. Tables 4 and 5 respectively show obtained results for the change in the flow and the volumetric efficiency based on performed ANOVA analysis.
The factor influence can be determined by Fisher's distribution for 99%, 95% or 90% of probability, based on the number of degrees of freedom of factor and the number of degrees of freedom of the error. The F values, obtained by the analysis, must be higher than the values of Fisher's distribution for adequate number of the degree of freedom [14, 16] . Based on Fisher's distribution for 99% of probability, (F=8.40), it can be concluded that the pressure and square contribution of the pressure influence the change in the flow rate, besides the significant influence of the number of revolutions.
Analysis of variance (ANOVA) is applied to estimate the significance of the model. Based on percentage contribution of the factor on the change in the flow rate (Table 4) , it can be concluded that the number of revolutions with 99.44 has the greatest influence.
The data analysis for volumetric efficiency is perforrmed in the same way as the change in the flow rate analysis. The Factor C (the pressure), with percentage contribution of 53.15%, has the greatest factor influence on the volumetric efficiency (Table 5) , while the factor B (the number of revolutions) affects it with 19.87%. The interaction C B * with percentage contribution of 14.12% also has a significant influence on the volumetric efficiency . According to Fisher, the pressure has the greatest influence for 99% of probability, followed by the number of revolutions, square contribution of the factor B B * and the ineraction of the factor C B * . Response surface plots are used to study the factor interaction between the considered variables.
The plots of the change in the flow rate, depending on the number of revolutions and the pressure, are obtained with factor analysis (Figures 2 and 3) . It may be noted that the flow rate increases with the increase of the number of revolutions at any pressure value.
The volumetric efficiency increases when the number of revolutions increases, and the pressure decreases, which can be seen in Figures 4 and 5 . The minimum volumetric efficiency is obtained at maximum pressure and minimum value of the number of revolutions. 
Regression analysis
It is possible to predict by a mathematical model how the output variables (responses) change and how they are related to other influential factors. Therefore, the dependence of change in the flow rate, that is to say, the volumetric efficiency, on the influential factors is presented by the mathematical model. Table 6 shows the results of the regression analysis for the change in the flow rate. While Table 7 shows the results of the regression analysis for the volumetric efficiency. The most influential factors and its interactions are used to display the mathematical model, that is to say, the factors and factors interactions of small values of percentage contribution are not taken into consideration in regression equations (see Tables 4 and 5 ).
Mathematical models enable to identify the independent variables and variable interactions which mostly influence the responses. The significance of the independent variables on the responses depends on the regression coefficient.
The adequate response equation, i.e. change in the flow rate (Q), is obtained by the regression analysis of statistical data and it is showed in the equation (1 
The higher value of the regression coefficient, the greater effect of the independent variable on the response is obtained. With model for the change in the flow rate equations (1), the number of revolutions has the highest value of the regression coefficient, followed by the pressure. The pressure has a significant value of the regression coefficient with volumetric efficiency model (equation 2). Figure 6 (a) and (b) show the normal probability plots of the residual for the gerotor pump with respect to the change in the flow rate and volumetric efficiency respectively. The optimal factor variant for using RSM may be obtained by this statistical analysis in Minitab. The use of RSM provides optimization of the response by manipulating independent variable, which is a key advantage. Figure 7 depicts the optimization value of all the responses.
The optimization plot ( Figure 7 ) is very useful in terms of design, as it allows adjusting the values of the input variables and simultaneously seeing the effects of these changes in the responses, without running more simulations. It is necessary to select the optimal values of the coefficient of the trochoid radius, the number of revolutions and the pressure, in order to obtain the maximum values of change in the flow rate and volumetric efficiency. In order to obtain the maximum values for change in the flow rate and volumetric efficiency, the same factor levels are suitable, i.e. the coefficient of the trochoid radius 1.375, the number of revolutions 2000 rpm and the pressure of 1 bar. The experiment is performed to increase the value of change in the flow rate and volumetric efficiency of the gerotor pump. 
CONCLUSION
This study has shown that factorial experimental design approach is an excellent tool and can successfully be used to develop empirical equation for the prediction and to discover the optimal parameter values of the gerotor pump.
Based on the performed analysis, it can be concluded that the number of revolutions mostly influence the chnage in the flow rate. And based on the displayed contour plot and surface plot, it can be noted that the change in the flow rate increases as the number of revolutions increases at all pressure values of the gerotor pump.
By analyzing data for volumetric efficiency, it is concluded that pressure of the gerotor pump has the greatest influence. The volumetric efficiency increases when the number of revolutions increases while the pressure decreases.
The optimal factor variant of the gerotor pump is the same in both cases of analysis. The obtained optimal values of the factor are: the coefficient of the trochoid radius 1.375, the number of revolutions 2000 rpm and the pressure 1 bar. The highest value of the change in the flow rate and the highest value of the volumetric efficiency are obtained, at these factor levels.
The regression equation is also given in the paper by which it is possible to follow the output value in the function of influential factors.
